Reoviruses (respiratory enteric orphan viruses), first isolated in the 1950s, were not known to cause any severe disease in humans. Orthoreovirus, a genus of the family Reoviridae, possesses several unique characteristics that include: (i) having 12 turrets on the surface of a capsid of icosahedral symmetry; (ii) containing ten genome segments of dsRNA, three large (L), three medium (M) and four small (S); (iii) translation of ten primary proteins from the genome segments; and (iv) production of more than one protein encoded by the polycistronic S RNA genome segment. There are currently five species in the genus Orthoreovirus. They are divided into two groups, the non-fusogenic (mammalian reoviruses) and fusogenic reoviruses (all other members of the genus), based on the ability of the virus to form syncytia in infected cells (Chappell et al., 2005; Schiff et al., 2007) .
The discovery of Melaka virus and Kampar virus marks the emergence of orthoreoviruses capable of causing acute respiratory disease in humans (Chua et al., 2007 (Chua et al., , 2008 . Although both were isolated from human respiratory specimens, their close genetic relationship with Nelson Bay virus and Pulau virus, isolated from fruit bats in Australia (Gard & Marshall, 1973) and Malaysia (Pritchard et al., 2006) , respectively, strongly suggested that both viruses were of bat origin. This notion was further supported by epidemiological evidence that there was a high likelihood of exposure to bat secretions for both index cases (Chua et al., 2007 (Chua et al., , 2008 . Based on sequences of the S-class genome segments, the three Malaysian orthoreoviruses were classified as being different strains of the Nelson Bay orthoreovirus species group (Chua et al., 2007 (Chua et al., , 2008 Pritchard et al., 2006) . After recent consultation with the International Committee on Virus Taxonomy, a new species name, Pteropine orthoreovirus (PRV), has been created to replace the species name Nelson Bay orthoreovirus. This species group covers all known bat-borne orthoreoviruses (see Supplementary Table S1 , available in JGV Online) and the naming is more aligned to the species names for other members of the genus, such as Mammalian orthoreovirus, Avian orthoreovirus and Reptilian orthoreovirus.
Up until now, there has been no information on the evolutionary relationship of the L-and M-class genome segments for any member of the PRV species group. In this study, we completed the genome sequence characterization for the L-and M-class segments of the four viruses, PRV(PRV3M) and PRV-Kampar (PRV4K). Combined with the S-class segment sequences published previously (Chua et al., 2007 (Chua et al., , 2008 Duncan, 1999; Pritchard et al., 2006) , this study completes the whole-genome characterization of the four bat-borne fusogenic orthoreoviruses of the PRV species group in Malaysia and Australia.
The isolation and initial characterization of the four PRV viruses has been described in detail in previous publications (Chua et al., 2007 (Chua et al., , 2008 Duncan, 1999; Gard & Marshall, 1973; Pritchard et al., 2006) . Each virus was propagated in confluent monolayers of Vero (ATCC no. CCL-81) cells cultured in 75 cm 2 flasks. The flasks were incubated at 37 u C in the presence of 5 % CO 2 and examined daily for viral cytopathic effect (CPE). Supernatant from the infected cell cultures was harvested 3 days after the appearance of visible syncytial CPE for the recovery of viral particles by centrifugation as previously described (Chua et al., 2007) .
The extraction and purification of genome segments was done according to the previously described method (Chua et al., 2007) . The L, M and S segments of each virus were separated by electrophoresis in a 1 % agarose gel, followed by excision and purification by using a QIAquick Gel Extraction kit (Qiagen) according to the manufacturer's instructions. Each segment was ligated to an adaptor primer, followed by synthesis of first-strand cDNA by using an adaptor-complementary primer (ACP) and a Thermoscript RT kit (Invitrogen). Next, a single primer amplification technique (SPAT)-PCR was performed with the ACP by using a LongRange PCR kit (Qiagen) under previously published conditions (Attoui et al., 2000) . PCR products were sequenced directly or after cloning by using a Zero Blunt II TOPO PCR cloning kit (Invitrogen). The terminal sequences of each segment were determined by semi-nested PCR using the ACP and two or more segment-specific primers of reverse orientation to the ACP.
The majority (approx. 85 %) of the sequence information was obtained by direct sequencing of the PCR products. All regions of each genome segment were sequenced at least Whole genome sequencing of four bat orthoreoviruses three times. For the regions where direct sequencing of PCR products was not possible, sequencing was performed after cloning of the PCR products, and at least three independent colonies were picked for sequencing. Sequences were edited and managed in BIOEDIT version 7.0.05 (Hall et al., 1999) and JALVIEW version 2.4 (Waterhouse et al., 2009) . Multiple sequence alignments were done by using CLUSTAL W version 1.6 (Thompson et al., 1994) and MUSCLE (Edgar, 2004) . Phylogenetic analysis was conducted using MEGA4 (Tamura et al., 2007) .
A comparative summary of all ten genome segments from the four viruses is provided in Tables 1 and 2 (see   Supplementary Table S2 for GenBank accession numbers for all 40 genome segments, available in JGV Online). It is evident that the L-and M-segments are more conserved than the S-segments in most cases (Supplementary Table  S3 , available in JGV Online). The four viruses have the following consensus genome terminal sequences for all ten segments: 59-GCUUWW...-39 (W5U or A) and 59-...UCAUC-39. This strengthens the placement of all four viruses within the same species group. It is interesting to note that although each segment may use a different stop codon for its encoded ORF, the use of a particular stop codon is highly conserved among the corresponding segments of the four viruses. The only exception was seen Supplementary  Fig. S1a , available in JGV Online). The size of the L2 segment of the three Malaysian strains is 3832 bp whereas that of PRV1NB is 3829 bp. The 3 nt deletion can be accounted for by the deletion of a single amino acid in the deduced lB protein. For the three Malaysian viruses, the lB protein is 1259 aa in length and contains serine and valine at aa positions 53 and 54. In the PRV1NB lB protein, these two residues were replaced by a single arginine residue, resulting in a size of 1258 aa ( Supplementary Fig. S1b ). The size of the L3 segment is identical in all four viruses, and encodes the lC protein of 1290 aa. Two consecutive methionine residues at positions 1 and 2 are conserved for all four deduced lA proteins ( Supplementary Fig. S1c) . Overall, the L segments of the Malaysian PRVs share 93-97 % and 98 % sequence identity at the nucleotide and amino acid levels, respectively. In contrast, PRV1NB only shares 82-84 % and 93-96 % sequence identity with the Malaysian viruses at the nucleotide and amino acid levels, respectively. The M1 and M2 segments of all four viruses were highly conserved with identical genome lengths and encode the minor core protein mA and the major outer capsid protein mB, respectively. No insertion or deletion was detected in any of the four viruses. Similarly to the lA proteins encoded by the L3 segment, the mB proteins also contain two consecutive methionine-yielding codons at positions 1 and 2, which are conserved for the M2 segments of all four viruses ( Supplementary Fig. S1d ). The M3 segments of the three Malaysian PRVs are 1984 bp long and encode a 631 aa mNS protein. The M3 segment of PRV1NB encodes a mNS protein which is 29 aa shorter at the amino-terminus. This is caused by the difference in the location of the start codon, rather than the difference in the overall genome-segment size, hence resulting in an unusually large 59 non-coding region (see Table 1 ). The M segments of the Malaysian PRVs share 78-98 and 94-99 % sequence identity at the nucleotide and amino acid levels, respectively. In comparison, PRV1NB was more distantly related to the three Malaysian viruses, displaying 80-83 and 87-97 % sequence identity at the nucleotide and amino acid levels, respectively. Phylogenetic analyses of nucleotide sequences for each of the ten genome segments reveals some important evolutionary relationships between these viruses: (i) overall, the three Malaysian PRVs are more closely related to each other than to the Australian prototype strain, thus demonstrating the existence of two genetic lineages (Fig. 1); (ii) for the majority of the genome segments (six of ten), PRV4K and PRV3M are most closely related. This is true for all three L segments, two M segments (M1 and M3) and one S segment (S2); (iii) for segments S1 and S4, PRV3M appears to be more related to PRV2P than to PRV4K; (iv) for the S3 segment, PRV4K and PRV2P are more related to each other than to PRV3M; and (v) the tree based on M2 segments indicates a great divergence of the PRV4K M2 segment from those of the other two Malaysian viruses.
The clear separation of PRV1NB from the three Malaysian PRVs, seen for nine of the ten segments, indicates that the two groups of viruses have been geographically separated for a long time. The difference among the three Malaysian PRVs is most probably the result of the accumulation of point mutations over time. However, the different topology patterns revealed by the phylogenetic trees for different segments of the Malaysian PRVs suggest that an evolutionary event(s) other than point mutation might have occurred among these viruses.
One possibility is genome segment reassortment, which is common among segmented RNA viruses, including reoviruses. Reassortment has been reported for avian and mammalian reoviruses (Ahmed & Fields, 1981; Liu et al., 2003; Shen et al., 2007; Su et al., 2006; Wenske et al., 1985) . This also seems to be true for the S segments of the Malaysian PRVs. As summarized above and in Fig. 1 , the trees derived from the S segments demonstrate a greater heterogeneity in tree topology than those derived from the L and M segments. All three possible topologies were observed for the S segments of the three strains: PRV4K and PRV3M clustered together (S2); PRV4K and PRV2P together (S3); and PRV3M and PRV2P together (S1 and S4).
The distinctive topology pattern of the phylogenetic tree based on the M2 segments is especially interesting and may indicate two important findings. Firstly, it further confirms the notion, derived from the topology of the S segment trees, that genetic reassortment may have occurred among the Malaysian orthoreoviruses. Secondly, the PRV4K M2 segment share sequence identities of 78.5, 78.4, and 78.6 % with the S2 segments of PRV3M, PRV2P and PRV1NB, respectively, thus indicating an equal genetic separation between PRV4K and each of the three other strains. This may suggest that the PRV4K M2 segment came from a strain representing a common-ancestor virus.
Previous studies based on the sequences of the L and M segments of mammalian and avian reoviruses revealed the presence of highly conserved functional domains and/or sequence motifs. These include the zinc-binding motif of the major inner-capsid protein lA (Shen et al., 2007) , the RNA-dependent RNA polymerase domains of lB (Xu & Coombs, 2008) , the guanylyltransferase and methyltransferase motifs of lC (Hsiao et al., 2002; Martinez-Costas et al., 1995) and the ATPase motif of mA (Su et al., 2006) . All of these were also found to be conserved in the cognate genome segments of all four PRVs. Similarly, the cleavage site of the mB protein (major outer-capsid protein) (Su et al., 2006) , producing mBN and mBC, was conserved among the four viruses ( Supplementary Fig. S2 , available in JGV Online).
In conclusion, here we report the sequences of the L-and M-class genome segments for the four fusogenic pteropine orthoreoviruses, thus completing the whole-genome characterization for all four viruses. Two genetic lineages of viruses, represented by the Australian PRV1NB and the three Malaysian PRVs, can be distinguished from this study. The topological heterogeneity observed among the phylogenetic trees suggests that genetic reassortment of segments for the S and M classes might have occurred during the evolution of these viruses, although more studies are required to confirm this preliminary observation. It is likely that other variants of PRV exist in bat populations within this geographical region. Considering these viruses have caused disease in humans and are capable of human-to-human transmission, further surveillance study is warranted to fully assess the public health risk presented by this group of viruses.
A previously unknown reovirus of bat origin is associated with an acute respiratory disease in humans. Proc Natl Acad Sci U S A 104, 11424-11429. Fig. 1 . Phylogenetic trees based on nucleotide sequences of all ten genome segments. GenBank accession numbers for each sequence are given next to the abbreviated virus or strain name. Differences in tree topology among the four PRV strains are highlighted by shading. Two genotypes were identified (labelled I and II) among members of the PRV species group. The unknown genotype represented by the PRV4K M2 segment is indicated by the question mark (?). Numbers at nodes indicate bootstrap levels calculated from 1000 trees. Bars, 0.1 nucleotide substitutions per site. PRV1NB, PRV2P, PRV3M and PRV4K, Pteropine orthoreovirus strains Nelson Bay, Pulau, Melaka and Kampar, respectively; ARV, avian reovirus; BRV, baboon reovirus; DRV, muscovy duck reovirus; MRV, mammalian reovirus; PsRV, psittacine reovirus.
